Introduction
Chagas' disease is a major endemic disease caused by the protozoan Trypanosoma cruzi. This parasitic disease is widely distributed throughout Latin America, affecting 18 million people [1] . In the past, it was believed that Chagas' disease was very rare in the northern part of America, including Mexico, as few human disease cases were reported. More recently, however, it has been estimated that there are as many as two million infected individuals and more than 72 000 cases in Mexico and Central America [2] . Even though these figures are only estimates, other field studies support the notion that the prevalence of T. cruzi infection might be higher in some regions of the country than previously thought [3] [4] [5] . T. cruzi has also been repeatedly found infecting insects and mammals in Mexico and the United States of America [6] [7] [8] .
T. cruzi strains have been divided into six discrete typing units (DTUs) according to their genetic background. These groups are designed the T. cruzi I to VI [9] . The geographical distribution of these groups indicate that T. cruzi II to VI are the main causal agent of Chagas' disease in the southern parts of South America, with T. cruzi I only present in the sylvatic cycle [9] [10] [11] . In contrast, T. cruzi I has been reported as the primary parasite present in human cases in Colombia, Venezuela, and Central America [12] [13] [14] . In Mexico, most of the T. cruzi strains that have been genetically analyzed to date belong to the T. cruzi I group [15] [16] [17] . We have reported that this Mexican T. cruzi I strain possesses different biological characteristics such as growth rates, metaciclogenesis, and infectivity in vitro [15] . However, the pathology and immune response that these strains can induce has largely gone unstudied.
Knowledge of the pathology and immune response to T. cruzi infection has been beneficiated by data obtained from murine models. These models have shown that the innate and adaptive immune responses play an important role in parasite control, depending on the combined action of various cellular types including NK, CD4+ and CD8+ as well as on the production of antibodies by B cells [18, 19] . Resistance to T. cruzi infection has been associated with the production of the pro-inflammatory cytokines IL-12 and IFN-γ and with the local production of RANTES, MIP-1α, MIP-1β and MCP-1. These cytokines activate the production of nitric oxide by macrophages, which is responsible for elimination of the parasite [20] [21] [22] [23] . TNF-α has also been associated with macrophage activation as a secondary signal for nitric oxide production [24] . In contrast, the Th2 cytokines IL-10, IL-4 and TGF-β are associated with parasite susceptibility [25, 26] .
Since the majority of published data has been obtained from studying T. cruzi II-VI-infected mice and the genetic differences between T. cruzi II-VI and T. cruzi I strains are large, the pathology and immune response to Mexican T. cruzi I Qro and Ninoa strains were evaluated in a murine model. Even though these two strains were genetically indistinguishable using the genetic markers available until recently [16, unpublished data], differences in pathology and immune responses were found in mice infected with both strains.
Materials and Methods
Parasites. Mexican T. cruzi I Qro (TBAR/MX/0000/ Queretaro) and Ninoa (MHOM/MX/1994/Ninoa) strains were used in this study [15, 16] . The Qro strain was isolated from the Triatoma barberi vector from the Queretaro State in Central Mexico. The Ninoa strain was obtained from a human case in Oaxaca State in the southern Pacific coast of Mexico. Both strains were maintained by serial passage in Balb/c mice.
Mice. Six-eight-week-old female Balb/c mice were obtained from the Animal House of the Instituto de Investigaciones Biomedicas (UNAM, Mexico City, Mexico) and maintained under standard conditions. Groups of 9 to 12 mice were injected intraperitoneally with 1 × 10 4 or 1 × 10 5 blood-form trypomastigotes (BT). Parasitemia was determined every third day by blood microscopy observation. Groups of 28 mice were used for daily monitored of survival. All animal research followed the Instituto de Investigaciones Biomedicas ethical committee's guidelines. Histopathological Evaluation. Groups of four Ninoa-or Qro-infected mice were sacrificed under anesthesia on day 21 post infection (pi). Groups of three age-matched control mice were sacrificed at the same time point. The myocardium was fixed in neutral 4% paraformaldehyde and embedded in paraffin. Serial 5-μm sections were prepared and stained with hematoxylin and eosin (H-E) and examined using light microscopy on an Optiphot-2 microscope (Nikon).
The inflammatory infiltrates were subdivided into focal and diffuse infiltrates, depending on how closely the inflammatory cells were associated [27] .
Characterization of Specific Antibodies and Antigens. Specific T. cruzi antibodies were detected by an indirect ELISA using an epimastigote extract as previously described [28] . The antibody isotypes and antigens recognized by the specific antibodies were determined at days 0, 4, 8, 12, 16, 20, 25, 30, 35, 40, 50, 60 70, 80, 90 , 100, and 150 postinfection by western blot. Briefly, proteins from the total extract from both strains were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. After overnight saturation in PBS containing 10% skim milk at 4
• C with constant shaking, the nitrocellulose membrane was cut into strips that were individually incubated (2 hrs at 37
• C) with 1 ml of mouse serum diluted 1 : 500 in PBS/10% skim milk. Each strip was washed three times with PBS-0.1% Tween 20 and incubated with goat antimouse IgG1, IgG2a, IgG2b, IgG3, IgA and IgM (diluted 1 : 2,000) for 2 hrs at room temperature. Then the strips were washed as above and a peroxidaseconjugated antigoat antibody was added. After washing, the reaction was developed with 0.5 μg/mL of diaminobenzidine in PBS containing 0.02% H 2 O 2. The reaction was stopped with water. Positive (chronically infected mice) and negative control (non infected mice) sera were included in each experiment.
T Cell Proliferation Assay. Spleens were removed aseptically from anesthetized Balb/c mice at 15, 21 and 98 days post-infection and spleen cell suspensions were prepared. Cultures of spleen cell suspensions (1×10 5 in RPMI medium containing 10% heat inactivated serum, 100 U/mL penicillin, 100 μg/mL streptomycin and, 100 U/mL gentamicin) were set up in triplicate in microculture plates. Then cells were stimulated with 1 μg/mL of concanavalin A (Con A) or 20 μg/mL of epimastigote total extract. After culturing for 48 hours at 37
• C with 5% CO 2, 1.0 μCi of ( 3 H) thymidine per well was added. Twenty hours later, cells were harvested onto filters, dried and placed in scintillation fluid and counted in a scintillation counter. The stimulation index (SI) was obtained by dividing the infected cells' counts per minute between the control group's counts [29] .
CD4+ and CD8+ Cells. FACS analysis was used to quantify CD4+ and CD8+ lymphocytes. Briefly, spleen cell suspensions (1 × 10 6 ) were obtained from infected and control mice and were stained with 1 μg of FITC-labeled antibodies against CD4 or PE-labeled antibodies against CD8. Cells were analyzed by FACS (Becton and Dickinson) [29] .
Cuantification of Murine Cytokines. Levels of IFN-γ, IL12p40, IL-4 and IL-10 cytokines in sera (diluted 1 : 10) were assayed in a two-site ELISA following the manufacturer's instructions (ENDOGEN, Cambridge). Cytokine levels were calculated by reference to a standard curve constructed with recombinant cytokines included in the commercial kit.
RT-PCR Assay for Measuring Expression of Chemokine mRNA. RNA was isolated from cardiac muscle of infected mice and controls by TRIZOL (Invitrogen). Before RT-PCR, RNA was incubated with amplification grade DNasas I (Invitrogen). Levels of MIG (CXCL9), MCP-1(CCL2), MIP-1β (CCL4), RANTES (CCL5), and β-actin (as control) mRNA were determined by SuperScript One-step RT-PCR with Taq Platinum (Invitrogen). The primer (sense and antisense) sequences, the number of cycles, and expected product sizes have been published previously [21, 30] . For all primer pairs, a negative control (without template) was run in parallel. Reactions were performed using a PTC-100 thermal cycler (MJ Research. INC). PCR products and molecular weight marker were run on 2% agarose gels and stained with Ethidium bromide.
PCR products were quantified with a densitometer (Fluor-S MultiImager, Bio-Rad) using the Quantity One version 4.4.1 (Bio-Rad) program. Densitometry values were corrected using the mouse β-actin value for the same sample.
Statistical 
Results
Parasite infectivity was determined by blood microscopy observation. When 1 × 10 4 T. cruzi BT were used, the parasites were observed at day 3 post-infection for Qroinfected mice and at day 7 post-infection for Ninoa infected mice. A rapid and continuous increase in parasitemia for both strains was observed, with blood stream parasites reaching a peak at day 28-31 post-infection (Figure 1(a) ). Mice infected with Qro tripomastigotes showed significantly higher levels of blood parasitemia (2.9 ± 0.327 million blood tripomastigotes/mL) than the mice infected with the Ninoa strain (1.6 ± 0.306 million blood tripomastigotes/mL) at the peak of blood parasitemia. Nevertheless, no significant differences were found throughout the rest of the blood parasitemia curve. Based on this result, the acute phase was defined as ranging from the initial infection until three months post-infection, with the chronic phase following immediately after. Similar results were found when 1 × 10 5 parasites were used (data not shown).
Importantly, significant differences in mortality percentages were observed when mice infected with different strains were compared. In the majority of the experiments, all mice infected with 1 × 10 4 Qro BT were killed by day 57 postinfection. In other experiments, the mortality rate was 60% (data not shown). In contrast, no mortality was observed in Ninoa-infected mice (Figure 1(b) ). Macroscopic enlarged spleen was observed in infected mice, with a significant difference in weight and size when comparing Qro and Ninoa infected mice (Figure 2 ).
Both strains were cardiotrophic, as a number of amastigote nests were observed in this organ. Lymphocyte infiltrates were observed in H&E stained cardiac tissue. At day 21 post-infection, visible lymphocyte infiltrates were observed in the cardiac tissue of mice infected with both strains. Some regions also displayed visible edema. Both diffuse and focal lymphocyte infiltrates were observed (Figure 3 ). Pooled sera from 3 to 6 Ninoa-or Qro-infected mice were tested by ELISA. Infected mice showed an increase in specific IgG isotypes during the acute phase of infection, reaching similar OD values by day 29 post-infection. In Ninoa-infected mice, antibodies were detected until the early chronic phase of the infection (80 days post-infection) (Figure 4) .
Interestingly, when antibody isotypes were determined, a clear difference was observed. Ninoa-infected mice produced IgM and IgG2a during the early phase of infection. Later in the course of infection, (day 35-40 post-infection) IgG1, IGg2b, IgG3, and IgA were produced. In contrast, Qroinfected mice displayed a notable reduction in specific isotype production. IgM (25 days post-infection) and IgG2a (40 days post-infection) were the only isotypes detected in the sera of these mice (Table 1 ). In western blots of sera from Ninoa-infected mice, three main antigens (70, 45-50, and 30 kDa) were recognized by the majority of isotypes being produced by day 20 post-infection. A fourth major antigen (100 kDa) was recognized later in the course of the infection by IgG1 and Ig2a isotypes. Sera from Qro-infected mice recognized antigens of 70, 40, and 35 kDa (Table 1) . 
Isotype of IgG and molecular weight of antigens recognized during infection course (X) are showed in days post-infection. Mean ± standard deviation of three independent assays. Statistical differences between parasited and control mice are indicated ( * P < .05). Control mice were inoculated with phosphate buffer saline (PBS).
When spleen cells from acute phase mice were obtained and stimulated with parasite antigens (20 μg/mL), a significant increase in proliferative response to these antigens was observed in both groups of infected mice. No significant differences were found between the SI of spleen cells from Ninoa-or Qro-infected mice (2.9 ± 0.05 versus 2.2 ± 1, resp.). During the chronic phase of infection, which was only reached by Ninoa-infected mice, no differences were observed compared to noninfected mice. When Con A was used for stimulation, no differences were found between infected and control mice (data not shown).
Percentages of CD4+ T lymphocytes were significantly lower in infected mice than in noninfected controls in the acute phase, regardless of strain. Additionally, no differences were found when CD8+ cells were analyzed in the acute phase (Table 2 ). In the chronic phase of Ninoa infection, the levels of CD4+ cells were reestablished, reaching levels similar to noninfected controls. Furthermore, a significant percentage of CD8+ T cells were observed in Ninoa-infected mice during the chronic phase. These phenomena were observed independently of the initial parasite inoculums used ( Table 2) .
The concentration of TH1 IL-12p40 was higher in the blood of Qro-infected mice than in Ninoa-infected mice. Significant differences were observed even in the first days of infection. The expression of IL-12 correlated with the expression of IFNγ, which increased significantly within 10 days post-infection in Qro-infected mice. In Ninoa-infected mice, IFNγ production was dampened, reaching a maximum concentration eight days after Qro-infected mice ( Figure 5 ). With respect to the TH2 cytokines, the concentration of IL4 increased slowly, reaching a maximum concentration by day 29 post-infection in Ninoa-infected mice. A similar pattern was observed in Qro-infected mice. With respect to IL10, we observed a slight increase in the first day of infection followed by a decline in overall levels, with no significant differences observed between strains.
Because the heart is the primary site of parasite infection, it was important to measure the concentration of the major chemokines associated with T. cruzi infection. MCP-1, MIP-1β, RANTES, and MIG mRNA expression in cardiac tissue were measured during the acute phase (21 days postinfection). In all cases, a significant increase in chemokine mRNA expression was observed in mice infected with either strain. A significant increase in the expression of MCP-1, MIP-1β, and MIG mRNA was found in the cardiac tissue of mice infected with Qro compared with Ninoa-infected mice. In contrast, no differences in RANTES expression were observed in mice infected with either strain (Figure 6 ).
Discussion
The human parasite T. cruzi contains many strains and clones that show a great deal of genetic heterogeneity [32] . It is now accepted that T. cruzi strains can be divided into six DTUs, T. cruzi I to VI [9] . As mentioned earlier, the geographic distribution of these genetic types is different and has important epidemiological implications [32, 33] . Our group has demonstrated the existence of T. cruzi I parasites in the domestic cycle as well as a few TCII strains in the sylvatic cycle in Mexico [15, 16] . Furthermore, differences in growth, metaciclogenesis and in vitro infectivity have been demonstrated for these strains [15] .
It has also been found that different T. cruzi populations correlate with differences in pathology observed in patients [34] . Also, the fact that genetically similar parasite strains can be obtained from patients with distinct clinical forms of the disease suggests that the host immune response may represent an important factor in determining the outcome of infection [34, 35] .
In the present study, we have shown that two genetically similar T. cruzi I strains can possess notable differences in their in vivo infectivity and pathogenesis as well as in the immune response induced in a susceptible murine model.
We demonstrated that the two T. cruzi I strains analyzed here result in different levels of blood parasitemia, with Qro-infected mice having double the number of parasites observed in Ninoa-infected mice at the peak of blood parasitemia. However, no difference in blood parasitemia was found during other stages of infection. This phenomenon was observed with two different initial inoculums. Both strains were cardiotrophic, showing intense lymphocyte infiltration in the cardiac tissue along with diffuse infiltration over large areas in the heart. It is worth mentioning that the physical aspects of Qro-infected mice were different from Ninoa; the former presented bristly hair and paralysis of the posterior legs. Also a significant increase of the weight and size of the infected mice spleen was observed. More important were the differences in mortality rates that were induced by the two strains. Qro infection resulted in 60% to 100% mortality (depending on the initial inoculum). In contrast, Ninoa infection did not produce significant mortality, regardless of initial inoculum. These results indicate an enormous difference in virulence between these two strains. To find a possible explanation for this observation, the host immune response was analyzed.
In the acute phase, SI data indicated an increase in the number of spleen cells activated by parasite antigens. Surprisingly, in our model, no increase in CD4+ T cell activation was observed. On the contrary, a significant decrease was found following infection with either strain, conflicting with other previously published murine models using T. cruzi I and T. cruzi II-VI strains [36, 37] . It is possible that macrophages, NK, and CD8 cells are responsible for the increased levels of TH1 cytokines observed in this study, which would agree with other murine models [21, 30, 38, 39] . In the chronic phase of Ninoa infection, recovery of CD4+ T cells was observed, reaching similar levels to uninfected controls. CD8+ T cell levels remained unchanged in the acute phase and showed a significant increase in the chronic phase of Ninoa infection, in agreement with their timing for expansion and contraction phases in T. cruzi infection [40] . Furthermore, as has been recently postulated T cruzi-specific CD8+ T cells develop in the absence of CD4+ T cells and display similar effector functions but fail to control parasite load [41, 42] .
The TH1 response was characterized by high levels of IL-12p40 and IFNγ. Interestingly, higher concentration and early appearance of these cytokines was only observed in Qro-infected mice. Levels of the regulatory cytokine IL-10 were low and levels of IL-4 peaked later, around 30 days post-infection. Also, chemokine profiles in the acute phase were different, with high levels of RANTES found in mice infected either both strains, but with higher levels of cardiac MIG, MCP-1, and MIP-1β being observed only in Qro-infected mice. These chemokines are known to induce production of nitric oxide in infected macrophages [ 21, 43, 44] . They are also known to induce attraction of immune cells to cardiac tissue, as has been demonstrated with the Colombiana strain [45] . Interestingly, an enormous difference was observed when antibody isotypes where analyzed. The Ninoa strain induced IgM and IgG2a in the early acute phase and IgG1, IgG2b, IgG3, and IgA after 30 days post-infection. In contrast, the Qro strain induced only IgM and IgG2a in the early acute phase, with a notable difference in recognized antigens. The presence of a higher number of isotypes in Ninoa-infected mice could be one of the factors responsible for improved control of parasitemia, as IgG antibodies have been related to parasite resistance in murine models [46, 47] . Interestingly, it has been reported that genetic diversity between T. cruzi I and T. cruzi II-VI strains influences the immunoglobulin profile elicited during murine infection, but no differences between T. cruzi I strains were found [48] .
In the T. cruzi I infection model presented here, a vigorous humoral response accompanied by a significant but moderate TH1 cellular response resulted in control of parasitemia and limited pathology, allowing the recovery and survival of Ninoa-infected mice. In contrast, a weak humoral response with a potent THI proinflammatory profile produced an uncontrolled inflammatory reaction. The decrease of CD4+ cells together with high in vitro secretion of TNFα by Qro-infected J774 cells (unpublish data) suggest that this T. cruzi strain could induce a phenomenon similar to the toxemic state observed in severe infections, between other pathological mechanisms that could explain the death of Qro-infected mice [49, 50] . Studies looking for apoptotic death of T lymphocytes and TNF and Fas ligand measurements must be carry on with this model in order to clarify this point. 5 BT of T. cruzi. Total RNA was obtained at day 21 post infection and chemokines expression was determined by RT-PCR as described in material and methods. PCR products were analyzed in 2% agarose gels stained with ethidium bromide. Semicuantitative analysis was done. Values are average of 4 mice from 3 independent assays. Grey bar control, black bar Ninoa strain and White bar Qro strain. In the case of MIG and MIP-1β no detectable levels of chemokines were found in the control tissues. Significant differences ( * P < .05) in chemokine expression were found in cardiac tissue of control versus infected mice. Differences between T. cruzi strains were also founded ( P < .05).
As in our model, a TH1 response has been reported in active Chiclero's ulcer produced by Leishmania mexicana [51] , indicating that the TH1/TH2 paradigm is not always present in these complex host-parasite relationships.
In conclusion, intense cardiomyopathy in the acute phase with vigorous humoral immune response, followed by the reestablishment of CD4+ and CD8+ cells and associated animal survival observed in Ninoa infection represents a useful model for the study of immune mechanisms that allow the host to overcome parasite infection. On the other hand, the highly virulent T. cruzi I Qro strain provides a useful model to study virulence factors that result in the death of infected mice. Additional studies should be conducted on the T. cruzi I strains from the northern part of the American Continent, as they are responsible for most cases of Chagas' disease in this area.
